Introduction
Approximately one third of the world's population is latently infected with Mycobacterium tuberculosis (Mtb), the causative agent of tuberculosis. Studies with the mouse model of aerosol infection suggest that Mtb multiplication in the lung often continues uninterrupted until the mounting of host adaptive immunity (reviewed in (1)). This process results in pathogen growth arrest in the infected macrophages (MΦ) and leads to the formation of granulomas. The bacteria in the granulomatous lesions are believed to be in a 'latent or persistent state' and maintain a limited bacterial turnover, but resume active multiplication and cause infection when the host immune system is compromised [reviewed in (1-3)]. It is intriguing and largely unknown how Mtb multiplication is regulated upon infection or during survival in the persistent state. Mining the Mtb genome sequence data revealed that the pathogen operates a host of regulatory networks, including the paired two-component regulatory signal transduction systems (2CRS), several of which are believed to be required for virulence (4) . The roles of several key players involved in these regulatory networks are largely unknown. Paired 2CRS are the major means by which bacteria sense and respond to different stimuli and regulate gene expression through a phosphorylation relay (reviewed in (5) ). The Mtb genome encodes 11-paired 2CRS, among which MtrAB is the only essential 2CRS (4, 6, 7) . This system consists of MtrB, a membrane bound sensor kinase, which is nonessential for growth, and MtrA, a cytosolic response regulator (RR), which is essential and knockout strains of mtrA could not grow in broth unless a second copy of mtrA was present (7) . The mtrA promoter activity is differentially expressed in virulent Mtb and in the vaccine strain M. bovis BCG. mtrA transcription is sharply up-regulated in M. bovis BCG upon its entry into MΦ. In contrast, mtrA transcription is unchanged in virulent Mtb upon its infection of murine or human monocyte-derived MΦ (6, 7) . These initial insights suggested to us that it is the activity of the MtrAB system, along with a few other key regulators, that is necessary for dictating the outcome of proliferation and persistence upon infection.
Since mtrA is an essential gene and the conditional knockout strains of mtrA are unavailable, to address the roles of the mtrA gene product in Mtb proliferation upon infection, we created and characterized the mtrA merodiploid strains producing elevated levels of MtrA (8) . These studies revealed that the merodiploid strain overproducing WT MtrA, designated as Rv78 Mtb (MtrA+) , is attenuated in MΦ and in mouse lungs, but it is otherwise as proficient as the WT strain for growth in nutrient broth. In contrast, the merodiploid overproducing phosphorylationdefective MtrA, due to a mutation at the phosphate accepting amino acid D53 (8) and designated as Rv129 Mtb(D53N MtrA+), is not severely attenuated in MΦ (8) . We also found that the merodipolid overproducing both the WT MtrA RR and the MtrB kinase is as proficient as the WT strain for growth in MΦ (8) . These studies lead to a hypothesis that optimal proliferation of Mtb in MΦ and in murine lungs depends, in part, on the ratio of phosphorylated MtrA (MtrA~P) and nonphosphorylated MtrA, and that MtrB kinase regulates the MtrA~P state (8) .
It is reasonable to assume that the essential RR MtrA or its MtrA~P form regulates the activities of several essential targets and their associated pathways. A consequence of this regulation could determine whether the bacterium maintains a persistent state or assumes active multiplication and causes disease. A first step in understanding how MtrA RR might control Mtb proliferation upon infection is to identify the targets and define the DNA binding motifs recognized by the MtrA RR. The present study addresses these issues, and we demonstrate that oriC, the site where chromosomal DNA replication initiates, and PfbpB, the promoter for a major secreted antigen 85B, are physiologically significant MtrA targets. Our work also identifies the MtrA DNA recognition motifs and it is thereby an important step towards understanding the whole MtrA regulon and potentially how Mtb physiology is regulated between acute and latent disease states.
Materials and Methods:
Bacterial strains: M. tuberculosis strain H37Rv was grown in Middlebrook 7H9 media. Mtb mtrA merodiploid strains were created by plasmid transformation and transformants were selected on Middlebrook 7H10 agar supplemented with hygromycin (hyg) (50 µ g/ml) as described (8) . E. coli Top-10 were used to propagate mycobacterial plasmids.
Chromatin immunoprecipitation experiments:
Our basic protocol as applied to Mtb cells was previously described (8) . Mtb(MtrA+) cultures (Mtb merodiploid overproducing WT MtrA protein) actively growing in Middlebrook 7H9 broth were exposed to 1% formaldehyde for 20 min, processed to prepare cellular lysates and the genomic DNA was then sheared to an average size of 500 to 1000-bp, as described. Cleared supernatant was obtained and incubated with anti-MtrA or mock antibodies followed by immunopure Protein G agarose beads to collect immunoprecipitates. DNA samples were then purified using DNAzol, protein-DNA crosslinks were reversed by heating, and an aliquot of DNA was directly used to amplify select DNA fragments by PCR. The oligonucleotide primers that were used are listed in Table 1 . PCR products were resolved in agarose gels, stained with SYBR green and photographed as needed. Typically, 30 cycles of amplification with serially diluted DNA of mock, IP-treated and total input samples were carried out. DNA band intensities were quantified by densitometry scanning and analyzed by Molecular Imager Fx. Typically, DNA samples were diluted 100-and 200-fold and used in PCR. The band intensities for FtsZ are the same with anti-MtrA and mock antibodies, i.e., not enriched with anti-MtrA antibody (8) . We considered this ratio as one and normalized the same ratio for each of the other targets to this value. For all initial experiments, values 2 and above were considered as potential MtrA targets.
RNA extraction and qRT-PCR analysis:
Extraction of total M. tuberculosis RNA from Middlebrook 7H9 broth-grown and intracellular macrophage-grown cells was done essentially as described (8) . DNA contamination was removed by treatment with DNAse I (Ambion). Approximately 50-100 ng of total RNA was reverse-transcribed to make cDNA specific to fbpB, fbpA and 16S rRNA genes using Superscript II reverse transcriptase (Invitrogen). Target cDNA from control and experimental sets were amplified in separate reaction tubes. Real-time PCR (Taqman chemistry) was carried out in a BioRad I-Cycler using the Taq DNA polymerase (NEB), Taqman probes (Biosearch Technologies), and reverse and forward primers (see Table 1 ). The calculated threshold cycle (Ct) value for each gene of interest was normalized to the Ct value for 16S and the fold expression was calculated using the formula: fold change = 2 -Δ. (ΔCt) . No reverse transcriptase (RT) reactions were included as negative controls. Expression data are the average from three independent RNA preparations, each reverse-transcribed and quantified by real-time PCR in triplicate.
oriC plasmid mutagenesis and autonomous replication analysis: pMQ219 is the Mtb oriC plasmid that has a 830-bp DNA fragment containing the 150-bp 3'end of the dnaA, the 115-bp 5'end of the dnaN and the 553-bp their intergenic region (9) . Mutations in the MtrAboxes F2, F3, F4 and F5 were created by PCR mutagenesis following the previously described protocols (8, (10) (11) (12) . The 'GTCACA' nucleotides of the selected MtrAboxes in all cases were replaced with a 'TATATA' sequence.
Plasmid pMMR87 carries mutations in MtrA-box F2, while pMMR88 contains mutations in F2, F3, F4 and F5. The integrity of the cloned insert and the mutated residues were confirmed by DNA sequencing. Approximately 250-and 500-ng of oriC plasmid DNA was used to electrotransform Mtb H37Rv (WT), Rv19 (Mtb carrying integrated plasmid lacking the mtrA insert) , Rv78 (Mtb MtrA+) and Rv129 (Mtb MtrAD53N) strains and transformants were selected on Middlebrook 7H10 agar plates containing 10 µ g/ml kanamycin (kan) for WT or 10µg/ml kan and 50 µg/ml hyg for Rv19, Rv78 and Rv129. Both Rv78 and Rv129 strains showed poor transformation efficiency. The pZErO 2.1 plasmid was always used as a control. Measurement of transformation frequency, recovery of oriC plasmids and Southern analysis were performed essentially as described (9, 13) . oriC plasmid stability experiments: Actively growing cultures of Mtb merodiploid strains producing normal levels of MtrA (Rv19), elevated levels of phosphorylation competent Mtb(MtrA+) and phosphorylation defective Mtb(D53N, MtrA+) MtrA proteins in Middlebrook 7H9 broth containing kan, were seeded into fresh growth media lacking kan and grown for different days.
At indicated time intervals, aliquots of cultures were removed, diluted, spread on agar plates containing hyg, but with and without kan and incubated at 37 0 C for three weeks. Colonies from both series of plates were counted and the proportion of kan resistant colonies was determined.
DNAse I footprinting analysis: DNase I by guest on November 7, 2017 http://www.jbc.org/ Downloaded from protection footprint assays were done as previously described (14) . The [ 32 P] 5' endlabeled DNA fragments containing the M tub oriC and the fbpB promoter were prepared as previously described (14) . The oriC endlabeled DNA fragments were prepared from plasmid pMQ219 (9) , which contained the same 830 bp M tub oriC DNA used for the autonomous replication experiments. The [32-P] 5' end-label was placed at the polylinker EcoRI (dnaA 3') site or at the HindIII (dnaN 5') site (Fig. 3) , and at the natural oriC SalI or HpaII sites (footprints not shown). The fbpB promoter end-labeled DNA fragments were prepared from plasmid pGEMT-fbpB and were created by ligating PCR amplified DNA (a 202 bp fragment amplified by P85bF and P85bR, primers Table  1 ) into the TA overhang plasmid pGEMTeasy (Promega). The [32-P] 5' end-label was placed at the polylinker NcoI site (Fig. 2) or at the polylinker NdeI site (footprints not shown).
Both plasmids pMQ219 and pGEMT-fbpB were sequenced prior to footprint analysis.
In vitro MtrA protein purification and phosphorylation:
The pET plasmid overexpressing His-tagged MtrA protein from a T7 promoter was previously described (8) . This plasmid was transformed into the ArcticExpress (DE3) RIL strain (Stratagene, cat# 230193), and MtrA overproduction was induced by adding 1 mM IPTG to actively growing cultures at 30 0 C and grown for 20 h at 10 0 C. The recombinant His-MtrA protein was purified on nickel affinity columns as described (8) . MalE-EnvZ kinase purification and MtrA phosphorylation by EnvZ protein were essentially performed as described (8) .
Results:
MtrA phosphorylation levels and intramacrophage growth: Our approach for identifying MtrA RR targets is first to define growth conditions where MtrA phosphorylation-dependent phenotypes are evident, then to infer potential targets and to test them by biochemical and in vivo approaches. Earlier experiments to evaluate the consequences of MtrA overproduction used THP-1 cell lines, which may not have all of the properties of immune-active MΦ (8) .
To confirm these findings in a more native system, we evaluated the growth kinetics of Mtb merodiploids producing elevated levels of WT phosphorylation competent WT MtrA (Rv78) and Mtb merodiploids producing elevated levels of phosphorylation-defective D53N MtrA (Rv129) in human peripheral blood monocyte derived MΦ (MDMO). Similar to the results reported with the THP-1 cell lines, the Rv129 merodiploids replicated proficiently in MDMO cells, whereas the Rv-78 merodiploids did not (Supplementary Figure S1 ). These results further support our working hypothesis that, during intracellular growth, the elevated pools of MtrA increase the levels of MtrA~P and this in turn misregulates the targets of MtrA. Such targets could include genes for promoting intramacrophage growth and genes involved in the replication and cell division of Mtb.
ChIP
indicates that chromosomal replication origin, oriC, and the promoter for antigen 85B, are MtrA targets: Based on the above hypothesis, we focused the initial studies on two types of potential targets and analyzed them by chromatin immunoprecipitation (ChIP). The first targets included the secreted antigen 85 complex pathway responsible for cell-wall biogenesis, and the second targets included the DnaA mediated oriC replication pathway. The antigen 85 family includes a family of proteins that bind fibronectin and are designated as fbpA, fbpB and fbpC (15) (16) (17) . These proteins catalyze mycoloyl transferase activity (18) , which is critical for generating a-a-trehalose dimycolate or 'cord-factor', a major virulence factor (19, 20) . Also, infection of MDMO with Mtb is shown to be associated with a sharp increase in the expression of fbpB, and such a rapid increase is believed to be necessary for establishing infection and subsequent proliferation in macrophages (21) . The expression of fbpA is differentially modulated during the acute and chronic stages of infection (22) (23) (24) . Another critical point for regulating cell proliferation is oriC because it is the site where chromosomal DNA replication begins upon the binding of the initiator protein DnaA as well as several other global regulators that must coordinate replication with cell division (25) (26) (27) . As additional potential MtrA targets, we selected the promoters of dnaA; ftsZ, the initiator of cell division; Rv2719, a cell-wall hydrolase regulating Z-ring assembly; mce1, the protein required for Mtb invasion and possibly virulence (8, (28) (29) (30) ; and finally, mtrA, whose expression, like other RR genes, is expected to be autoregulatory (6, 7) . Figure 1A shows representative ChIP data obtained with anti-MtrA antibodies. As shown, the PCR product signals of oriC and those of the PdnaA and PfbpB were conspicuously increased by binding with antiMtrA antibodies relative to the no antibody (mock) controls (Fig. 1A) . The PCR signals for PRv2719c, PftsZ and Pmce1 remained unchanged, whereas those of the PfbpA and PfbpC increased modestly relative to the controls (Fig. 1A) . Finally, the signal for the PmtrA region was also enriched (Fig. 1A) , consistent with the hypothesis that expression of mtrA, like other RR, is auto-regulated. To obtain consistent and statistically significant results, we measured the anti-MtrA to mock ratio by densitometric scanning and normalized these of data to that of a negative control, the PftsZ ratio.
From four independent experiments, we obtained the ratios for oriC (2. 6), PfbpB (2. 5), PdnaA (2. 0) and PmtrA (2.9), whereas those of the PfbpA (1. 6) and PfbpC (1. 6) were below 2.0 (see Fig. 1B ). For initial characterization, we focused on PfbpB and oriC, whose ratios were significantly higher than 2.0.
We supported our ChIP results with electrophoretic mobility shift assays (EMSA), and evaluated MtrA binding to oriC with both MtrA and MtrA~P (phosphorylated MtrA). The MtrA~P was produced by incubating MtrA with heterologous kinase EnvZ and ATP (8) . Incubation of these proteins with the FITC labeled oriC DNA fragment led to a protein concentration-dependent retardation in the mobility (Supplementary Figure S2) Similar footprint experiments in the oriC region produced multiple MtrA footprints (Fig. 3) . These experiments used DNA 5' 32 P end-labeled on either side of oriC (#1, inside the 5' start of dnaN and #2 inside the 3' end of dnaA). In similar footprint experiments, we also used 32 P end-labeled DNA inside oriC, at the HpaII and SalI sites ( Fig. 3B ; data not shown). The positions of these footprints are summarized in Figure 3C . While the single fbpB 5' footprint was 60-bp long (Fig. 3C ), the oriC footprints were less than half this length and we distinguished two lengths. Spans of 20-30 bp were labeled as "Footprints" (F1, F2, F3, F4, F5, F6A, F6B), which are marked as solid lines in Figure 3C . Spans of less than 10 bp were labeled as "Toeprints" (T1, T2, T3, T4, T5), and these are marked as dotted lines.
MtrA binding sequences:
Next, we performed multiple sequence alignments of the MtrA footprinted DNA to identify the common DNA sequences recognized by MtrA. This analysis suggested that MtrA binding sites were organized as 9-bp direct repeats (Fig. 4) , and six of the oriC footprints span two 9-bp direct repeats with either an N= +2, N= 0, or an N= -2 spacing. A bp frequency analysis of these aligned direct repeats suggested a consensus GTCACAgcg and a Logo analysis also argued that most of the recognition information lies in the first six positions GTCACA (Fig. 4) . The MtrA binding sites under the fbpB (Ag85B) footprint can also be viewed as four of the same direct repeats with N = 0, +2, +2 spacing, but these direct repeats show more differences from the consensus (compare Fig.  2B with Fig. 4 ). If one MtrA molecule binds one DNA direct repeat, then 4 MtrA molecules bind the fbpB (Ag85B). This assumption agrees with the extra length of this footprint. Also, the strict requirement of ATP (MtrA~P) for binding fbpB ( Fig. 2A) suggests an extra cooperative mode of binding by MtrA molecules at fbpB. This view is further supported by the EMSA results in Fig. S3 where, for example MtrA forms two shifted-DNA complexes with fbpB DNA, but only one shifted-DNA complex with an oriC binding site.
Next, we evaluated the importance of the spacing between the direct repeats (supplementary Fig. S4 ). For example, the oriC footprint F2 with N=0 spacing has the closest matching direct repeats (two perfect GTCACAnnn motifs), but F2 occupancy is barely detectable in Figure 3A (#2). At the same MtrA~P concentrations, F1 with N= +2 bp spacing is almost fully occupied. Accordingly, we asked if MtrA affinity for F2 would increase with an alternative N= +2 spacing by using electrophoretic mobility shift assays (EMSA; Fig. S4 ). Double stranded DNA oligo-nucleotides were modeled after the oriC F2 DNA. Two GTCACAnnn direct repeats with N = 0 (WT) spacing and with N= +2 bp spacing were incubated with serial 1:3 dilutions of an MtrA kinase reaction. While selective MtrA binding to the WT oriC F2 (N = 0) DNA was barely detectable (Fig. S4) , MtrA affinity for oriC F2 +2 DNA was substantial and only these binding reactions could produce reliable Kd measurements (Fig.  S3) . MtrA affinity requires both optimal spacing and correct sequence motifs because selective binding is lost with mutant F2 +2 DNA that has one altered direct repeat motif (Fig. S4) .
Transcription of fbpB is sharply decreased
by guest on November 7, 2017 http://www.jbc.org/ Downloaded from during intramacrophage growth in mtrA merodiploid overproducing WT MtrA. As reviewed, the transcription of mtrA in virulent Mtb remains unchanged in broth and during intra-MΦ growth, whereas the fbpB expression is upregulated upon infection (6, 7, 31) . DNAse I footprinting data (Fig. 2) implies that fbpB transcription is regulated by MtrA. To test this possibility, we examined the qRT-PCR expression profile of fbpB from intramacrophage and broth-grown bacteria relative to the house keeping gene, 16S rRNA. The fold-differences in the fbpB expression in MΦ relative to broth condition are presented (Fig. 5A) . The fbpB expression relative to 16S rRNA was upregulated upon infection in WT cells producing normal levels of MtrA and MtrB, confirming the published data of Wilkinson and colleagues (21) . In contrast, the fbpB expression was down-regulated in Rv78 Mtb(MtrA+) merodiploids overproducing MtrA (in cells producing normal levels of MtrB) upon infection, whereas it was restored to near WT levels in the Rv129 Mtb(D53N MtrA+) merodiploids (Fig. 5A) . When normalized to WT, the fbpB expression in Rv-78 was found to be reduced nearly 70-fold (see Fig. 5B ). These results suggest that a consequence of MtrA overproduction leading to an imbalance between MtrA and MtrA~P levels is reduction of fbpB expression.
Mutations in MtrA-boxes compromise oriC plasmid replication: To test how MtrA-boxes (or direct repeats, Fig. 4 ) might influence autonomous replication, oriC plasmid replication assays were performed with both WT and altered oriC DNA. Previous studies showed that E. coli plasmids do not replicate in Mtb and other mycobacterial species (9, 13, 32) . However, such plasmids with an 880-bp DNA Mtb oriC fragment containing the 3'-end of dnaA, the 5' end of dnaN and their intergenic region (pMQ219), maintain stable autonomous replication (9, 13) . Previous studies also showed that mutations in individual DnaA-boxes, but not in areas located outside the DnaA-boxes, decrease transformation efficiency and autonomous replication activity, indicating that DnaAboxes are critical for oriC plasmid replication (9, 13, 33) . To test if MtrA boxes are similarly important, we created two plasmids, one containing mutations in the MtrA-box F2 (pMMR87, see Fig. 6A+B ) and the other containing mutations in MtrA-boxes F2, F3, F4 and F5 (pMMR88, see Fig. 6A+B ). The F2 box, although it showed weak affinity to MtrA, is highly conserved in all mycobacterial species including M. leprae (see supplemental Fig. S5 ). The GTCACA sequence of the MtrA motifs was replaced with TATATA in both plasmids (see Fig. 6B ).
Consistent with the published reports, transformation of WT Mtb with the pMQ219 plasmid gave several kan resistant transformants with a transformation frequency of 10 4 colonies per microgram input DNA (9,33). The pMQ219 input plasmid was recovered in E. coli when the total DNA preparation of the pMQ219 transformants was used to transform the E. coli Top-10 strain, indicating that this plasmid replicates autonomously in Mtb.
In contrast, transformation of Mtb with the pMMR87 and pMMR88 plasmids produced tiny pin-headed colonies, indicating a growth defect from an inability to maintain these oriC plasmids. Transformation of E. coli with the total DNA extracted from the primary transformants collected from several plates failed to produce kan resistant colonies, indicating that the mutant MtrA plasmids could not be recovered and were therefore not replicating autonomously in Mtb (not shown). PCR analysis with oligonucleotide primers specific to the oriC or to the kan cassette yielded positive signals (Fig. 6D i and ii) , like the WT oriC plasmid, pMQ219, indicating that the mutant oriC plasmids were also present, but presumably integrated into the chromosome.
Incubation of transformation plates up to 65-days led to a modest increase in the size of the mutant oriC plasmid colonies (Fig. 6C , representative plate is shown). Consistent with the slow colony growth, the liquid broth growth rates of the pMMR87 and pMMR88 transformants were similarly decreased as compared to WT oriC pMQ219, but only when grown in the presence of kan for plasmid selection. No differences in the growth rates were observed when these same cultures were grown without kan (Fig. 6E) . A similar PCR analysis of pMMR87 and pMMR88 transformants failed to detect plasmid, i.e. kan cassette after 65-days of incubation indicating plasmid loss (data not shown). Presumably, the presence of the integrated plasmid in these transformants is deleterious in itself. The inability to recover oriC plasmids with mutations in the MtrAboxes combined with the slow growth of transformants suggests that the mutant plasmids are severely compromised for replication.
In particular, pMMR87 demonstrates that mutations in only the one MtrA box at F2 are sufficient to compromise replication.
Next, we examined the consequences of MtrA overproduction on oriC plasmid replication and its maintenance by transforming pMQ219 and pMMR88 plasmids into Rv78 and Rv129, which are Mtb merodiploid strains overproducing WT Mtb(MtrA+) and phosphorylation defective Mtb(D53N, MtrA+) MtrA proteins (8) . As a control, these plasmids were also transformed into Rv19 which is WT Mtb carrying an integrated plasmid vector lacking the mtrA insert. Transformation of pMQ219 into Rv78 and Rv129 produced similar number of transformants (~10 4 per µ g DNA) as compared to that into WT (data not shown) indicating that transformation efficiency of pMQ219 plasmid was not affected by MtrA overproduction. PCR analysis of merodiploid transformant genomic DNA confirmed the presence of oriC and kan cassettes of pMQ219 plasmid (Fig. 7A) . Efforts to recover pMQ219 plasmid from all three strains were, however, unsuccessful indicating that the pMQ219 plasmid is not replicating extrachromosomally, but rather integrated on the chromosome. Southern analysis supported our interpretation that integration events may have occurred, since we identified the presence of bands corresponding to chromosomal oriC (~3 kb) and the integrated plasmid (~5. 5 kb) (see supplementary Fig.  S6, Panels A, B) . DNA band corresponding to ~ 4. 2 kb would be detected if the pMQ219 plasmid were to be replicating extrachromosomally and this is what we see in the Mtb WT background (Fig. S6 , Panel C, also legend for more details). Since replication potential of the pMQ219 plasmid in Rv WT and Rv19 backgrounds appears to be different, for the sake of clarity, pMQ219 in WT background is referred to as free plasmid whereas that in Rv19, Rv78 and Rv128 as integrated plasmid. It is not readily evident why pMQ219 plasmid is excluded in the Rv19 background and further studies are required to address this issue (see discussion).
Assuming that replication is initiated at both origins, i.e. native and integrated oriC, then such activated origins could compete for replication components and pose origin incompatibility issue (36) . This could in turn have consequences on cell cycle progression and the stability of integrated plasmid sequences. To evaluate if integrated plasmids bearing oriC sequences are stably maintained we carried out stability experiments. In these experiments, the pMQ219 merodiploid strains cultured in the absence of kan antibiotic for different days were spread on agar plates without and with kan. As can be seen, less than 5% Rv78 and Rv129 cells were kan resistant, whereas nearly 100% Rv19 cells were kan resistant (Fig. 7B) .
Although differences between the Rv78 and Rv129 strains were minor, plasmid loss in Mtb(MtrA+) was relatively more than that in the Mtb(D53N, MtrA+). These results indicate that the pMQ219 plasmid remained relatively intact in cells producing normal levels of MtrA (Fig. 7B) , but was lost significantly under MtrA overproduction condition and that MtrA phosphorylation has no effect on plasmid maintenance. Taken together, these results clearly reveal that optimal levels of MtrA are required for maintenance of plasmid bearing oriC sequences and that oriC is MtrA target.
We also attempted to transform pMMR88 plasmid into Rv19, Rv78 and Rv129. Like the situation seen in the WT background, transformation of pMMR88 plasmid into Rv19 produced several tiny pin-head colonies that grew slowly indicating growth defect (data not shown). In the case of Rv78 we obtained in two independent experiments 12 and 90 transformants/ µ g DNA, respectively, whereas with Rv129 we obtained after repeated attempts only 3 transformants/ µ g DNA (data not shown). These results indicated that transformation efficiency of mutant oriC plasmids is severely compromised under MtrA overproduction conditions.
The primary transformants grew slowly in liquid broth, but after repeated culturing began to grow like their WT counterparts. Presumably, the newly acquired growth advantage of these strains is due to accumulation of spontaneous mutations. Further studies are required to characterize these strains. Consequently, the pMMR88 transformants were not processed further.
Discussion:
In the present study, we have identified and validated two important, but rather unrelated, sequences as MtrA targets. These are oriC, the DNA sequence critical for the initiation of chromosomal DNA replication and the duplication of genome, and the promoter for the fbpB gene, which codes for an immunodominant major secreted antigen 85B. Initial in vivo ChIP experiments (Fig. 1) were supported by in vitro DNAse I footprinting (Figs. 2, 3) and their sequence analysis revealed that MtrA recognizes direct repeat motifs resembling GTCACAgcg (Fig.  4) , and that binding affinity is increased by MtrA phosphorylation (Figs. 2, S2, S3 and  S4 ).
The accuracy of our proposed MtrA recognition sequences is further supported by comparison to the recognition sequences of related RR proteins. MtrA was originally identified by a strong hybridization with cloned PhoB DNA (6) and amino acids sequence alignments confirm a strong affiliation with the PhoB RR family (data not shown). E. coli PhoB RR plays a critical role in regulating the genes involved in the phosphate utilization pathway (5, 37, 38) . Alignment of the published PhoB recognition sequences of E. coli, Sinorhizobium meliloti (39) and Streptomyces coelicolor (40) with our proposed MtrA recognition sequences, whose direct repeats are spaced for optimal MtrA binding (+2 spacing, see Fig. S5 ), revealed that all of these sequences share the common core GTCA direct repeats with an 11 bp helical repeat. This would place the recognition motifs on the same face of the Bform DNA helix, like other typical DNA binding proteins. Conservation of the sequences in the footprinted region of different mycobacterial species further supports our conclusion that the fbpB promoter is an MtrA target.
While our results argue that MtrA recognizes GTCACA motifs with this typical 11-bp helical repeat, our results also unexpectedly argue for the usage of atypical 9-bp and 7-bp helical repeats (described as +2, 0, -2 spacing between 9 bp direct repeats in Fig. 4) . Presumably, MtrA binding to DNA is best when the 6-bp motif is on the same face of the helix. Using the F2 oriC as an example, we showed that MtrA binding to F2 requires the GTCACA motif, and it is barely detectable unless the natural spacing is increased from 0 to +2 or +3 (Fig. S4) . Despite this intrinsically weak affinity for MtrA, three points argue that F2 is physiologically important and perhaps critical for replication control. First, changing only the GTCACA repeats in F2 abolished the autonomous replication activity of the Mtb oriC plasmid in Mtb (pMMR87, Fig. 6 ). Previous studies showed that mutations in DnaA-boxes comparably impaired the autonomous replication activity of oriC plasmids (9, 13, 33) . Second, the atypically spaced GTCACA repeats in F2 are conserved among diverse Mycobacteria species (Fig.  S4) . Only DnaA boxes show a comparable degree of conservation among these oriC DNA sequences. F2 is perfectly conserved among Mtb, M. leprae and M. avium (Fig. S6) . Interestingly, in the more distant species, where bp changes are seen in the corresponding GTCACA repeats, additional and perhaps compensatory GTCACA repeats are present. For example, M. smegmatis and M. flavesens have a third perfect GTCACA motif with the same atypical spacing. This observation further suggests a selective pressure for creating MtrA binding sites and not simply the lack of genetic drift.
Third, F2 is located inside oriC, between the DnaA-boxes and the AT-rich unwinding site (Fig. S5 , see also (41)). Although detailed molecular details on how the initiation of DNA replication in Mtb occurs are unknown, recent studies reveal that the initial interactions of DnaA with DnaA boxes in the presence of ATP are necessary for a rapid oligomerization of DnaA at oriC and the formation of the DnaA-oriC initiation complex competent for initiation (42) . This initial step is followed by unwinding of oriC at the AT-rich sequences, which can occur in the absence of helicases and other replication proteins (41) . Thus, the strategic location of F2 in oriC suggests that MtrA bound at F2 either aids or interferes with these key replication steps (see below). Although detailed studies are required to understand the mechanism of action, results presented under Fig 6 suggest that MtrA activity is necessary for maintaining stable autonomous replication of oriC plasmids. The relative weakness of the F2 MtrA binding site argues that it is bound in vivo when the ratio of MtrA~P to MtrA is high.
The MtrA-oriC footprinting data show that MtrA at the 860-bp oriC region produces seven shorter (~30 bp) footprints (F1, F2, F3, F4 , F5, F6A, F6B) and several even shorter (~10 bp) points of DNase I protection that we called "toe-prints" (Fig. 3) . It should however be noted that the dnaA-dnaN intergenic region has just four MtrA binding sites (see Fig. 3C:  F2, F3, F4, and F5) . Such dispersed contacts across all of oriC, including the dnaA 3' and dnaN 5' coding DNA is more typical of DnaA protein binding to multiple DnaA boxes that span bacterial oriC's, including Mtb oriC (42) . It is possible that the 'toe-prints' are not true MtrA binding sites, but rather could be due to the consequence of the formation of large MtrA-oriC nucleoprotein complexes. Presumably, these could be similar to the observed weaker DnaA binding sites of E. coli oriC which can be mutated without any effect (43) . Further studies are required to address this issue. It is pertinent to note that in E. coli cells, DnaA persistently binds to the high affinity DnaA boxes in oriC, but the key low affinity DnaA boxes are unoccupied until they are required during the initiation of chromosome replication. This high to low affinity DnaA box hierarchy is an important part of the E. coli oriC regulatory system (44) . The Caulobacter crescentus response regulator CtrA binds five sites spread across its replication origin (45) . Perhaps like the multiple DnaA boxes, the multiple oriC MtrA binding sites may form a hierarchy of persistently bound (high affinity) sites and transiently bound (low affinity such as F2) sites that are similarly required for Mtb oriC replication control. Clearly, further studies are required to address how MtrA controls oriC replication.
How might MtrA activity function to regulate oriC replication? The MtrA contact sites in oriC are distinctly different from the DnaA-boxes (42) . This makes it unlikely that MtrA-binding to oriC affects the first step of initiation, namely the binding of the DnaA protein to DnaA-boxes and vice versa. However, MtrA binding to oriC could either aid or hinder the DnaA protein's ability to oligomerize at oriC and could thereby control the replication initiation process. Since MtrA~P preferentially binds to these targets, we propose that, under normal growth conditions where signals for MtrA phosphorylation are limiting and tightly regulated by the cognate MtrB sensor kinase, the MtrA-oriC interactions lead to regulated replication resulting in stable autonomous replication. Thus, the absence of MtrA boxes as in pMMR87 and pMMR88 (see Fig. 6 ) could impair oriC plasmid replication possibly leading to plasmid loss. However, for growth conditions that promote an elevated MtrA~P state, i.e., during intracellular growth in cells overproducing MtrA in the absence of MtrB, it is expected that the elevated pools of MtrA~P can access all of its recognition sequences in oriC. This situation could lead to an interference with the DnaA protein's binding to oriC and the formation of the oriCDnaA initiation complex.
This line of thinking leads us to speculate that MtrA can play a positive or a negative role depending upon its phosphorylation potential. Perhaps, elevated pools of MtrA~P limits the DnaA protein's ability to initiate replication during non-replicative persistence or the chronic stage of infection.
One unexpected finding is that the pMQ219 plasmid, which replicates extrachromosomally in the WT background, is excluded in WT cells carrying integrated plasmid vector, i.e. Rv19. This result is independent of MtrA overproduction phenotype (see Fig. S6 and legend) . The mycobacterial shuttle vectors based on pAL5000 replication origin (34) generally replicate as free plasmids in the integrated plasmid background. The pMQ219, which is a derivative of pZErO 2.1 plasmid (35) and the integration plasmid, pJFr-19, which is used to affect MtrA levels (8) share more than 800-bp region of homology. It is possible that some factors or components involved in Mtb oriC replication function in recombination; these mechanisms are not yet fully understood. Although speculative, such factors, if any, could preferentially promote recombination between pMQ219 and the resident plasmid at the region of homology resulting in integration events when both oriC sequences are primed for initiation.
Further studies including the construction and characterization of minichromosomes lacking such homologous sequences are required to understand why the pMQ219 plasmid is excluded in the Rv19 background.
While detailed studies are required to understand the roles of MtrA on oriC replication, stability experiments revealed that optimal levels of MtrA, irrespective of its phosphorylation state, are required for the maintenance of integrated oriC plasmid sequences in Rv78 and Rv129 backgrounds (Fig. 7) . We envision that MtrA influences oriC replication, hence under overproduction conditions promote activation of oriC at the integrated locus. This could then potentially create oriC incompatibility issue as the presence of activated oriC at two different regions on the chromosome, i.e. native as well as integrated locus, could be detrimental for normal cell cycle progression (36) . A consequence is the loss of plasmid bearing oriC sequences. One intriguing finding of our data is that, unlike the WT Rv19 cells, the integrated oriC plasmids are not stably maintained in merodiploids overproducing phosphorylation defective Mtb(D53N, MtrA+) MtrA protein. It should be noted that our experiments were carried out with MtrA merodiploid strains, but not with the strains producing phosphorylation defective Mtb(D53N, MtrA+) as the sole source. Thus, it is likely the Mtb(D53N, MtrA+) will have both homo-and hetero-dimers of MtrA, and both species could be competent in affecting oriC replication. Future studies with Mtb mtrA mutants producing MtrA(D53N) as the sole source for MtrA will be required to address these issues.
In contrast to oriC, MtrA at the fbpB promoter produced one discrete long (~60-bp) footprint (Fig. 2) , consistent with four MtrA molecules binding together. This binding clearly shows a preference for MtrA~P (Fig.  2A) (8) . Mtb secretes copious amounts of highly immunogenic Ag85B protein (46) , whose processed peptides contain epitopes for T-cell recognition (47) .
Thus, the reduced expression of fbpB upon infection under elevated MtrA~P conditions could limit the available pools of secreted antigen 85B for its subsequent processing by antigen presentation pathways. It is pertinent to note that the MtrA footprinted region of fbpB promoter is well conserved in other mycobacterial species as well (see supplementary Fig. S7 ).
Interestingly, analysis of fbpA expression under MtrA overproduction conditions, however, revealed, a different expression profile from that of fbpB (supplementary Fig.  S8 ). The expression of fbpA was reduced in Rv19 Mtb WT cells upon macrophage infection, whereas it was elevated in both Rv78 Mtb (MtrA+) and Rv129 mtrA merodiploids (supplementary Fig. S8 ). The phosphorylation-independent increase in the fbpA expression in Rv129 Mtb (D53N MtrA+) merodiploid suggests that the regulation of fbpA is different and not directly dependent on a balanced amount of MtrA phosphorylation. Also, since the ChIP signal for PfbpA is weaker than for pfbpB (Fig. 1) , it is possible that the observed changes in the fbpA expression are due to secondary effects or to more distant binding sites. It is unknown if expression of genes responsible for other secreted antigens and other immunodominant proteins are also affected by MtrA. Nonetheless, MtrA~P-dependent reduction of the expression of fbpB and possibly other unrecognized genes responsible for antigenic proteins could be one of the many immune evasion mechanisms the pathogen uses for its long-term persistent growth during chronic infection and in granuloma. (35) . Solid bars mark the footprints (F1, F2, … F6A, F6B) and dotted lines mark the shorter "toe-prints" (T1, T2 …). Perpendicular arrowheads mark the prominent DNase I cut sites that are enhanced by MtrA. When positioned below the presented DNA sequences, these lines and arrows indicate the sequences protected or cleaved on the corresponding bottom strand. Figure 4 : Motif log analysis: MtrA binds by apparently recognizing two or more direct repeats similar to GTCACA. The DNA sequences under the footprints in Figures 2 and 3 were aligned to assume optimum similarity. For 6 out of the 7 oriC footprints, shown in Figure 4C , the best aligned DNA could be organized as two direct repeats, but a variable spacing of +2, 0 or -2 bp was required for alignment. The exceptional footprint F3 apparently contained only one direct repeat. Frequency and Logo analysis suggests that most of the sequence conservation and presumably most of the information that specifies selective DNA binding lies in the first 6 positions (GTCACA). Four similar but less exact direct repeats with N = 0, N = +2, and N = +2 bp spacing are also present under the MtrA footprint 5' to fbpB (Fig. 3C) . Figure S3 demonstrates that the N = +2 bp spacing provides a higher affinity than N = 0. pMQ219) and mutant (pMMR87 and pMMR88) plasmid DNA was electro-transformed into Mtb H37Rv WT and plates were incubated at 37 0 C. The pMQ219 transformants in WT background were photographed after 14 days and the pMMR87 and pMMR88 transformants were photographed after 65 days. (D) Agarose gel showing oriC and kan cassette PCR products. Genomic DNA of the transformants of pMQ219, pMMR87, pMMR88 and control pZErO 2. 1 were extracted and used as templates to amplify oriC (panel i) and the kan cassette (panel ii). The PCR products were resolved on 0.8% agarose gels, stained with ethidium bromide and photographed. Lanes: 1-pMQ219; 2-pMMR87; 3-pMMR88; 4-Rv WT; 5-pZErO 2.1; 6-1 kb DNA ladder. (E): Growth curves of Mtb merodiploid strains. The frozen stocks of pooled transformants of pMMR87 and pMMR88 were diluted in Middlebrook 7H9 broth supplemented with OADC with 10 µg/ml kan (in panel i) and without antibiotic (in panel ii) and grown for 10 days to a final OD 600 between 0.25 to 0.3. The cultures were then diluted to OD 600 -0.05 and the growth was monitored daily, as shown. For pMQ219, the freezer stocks were diluted and grown for 3 days to OD 600 -0.6 prior to diluting to a final OD 600 -0.025. Note that the growth rates of these cultures are very similar when grown in the absence of antibiotic. Similar results were also obtained when antibiotic concentration was increased to 25 µg/ml (data not shown). Mtb merodiploids actively growing in broth in the absence of kan were diluted at indicated time periods, spread on agar plates with and without kan and viable colonies appearing after 3 weeks incubation were determined. The ratio of kan resistant colonies among total cells were presented on semi-log scale.
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